Thiocapsa roseopersicina BBS is a purple sulfur photosynthetic ␥ proteobacterium belonging to the Chromatiaceae family. It can be cultivated under photosynthetic anaerobic conditions and requires reduced sulfur compounds for growth. Like certain other members of Chromatiaceae, T. roseopersicina can be propagated chemolithoautotrophically in dark, aerobic conditions (21) . Thus, the most important environmental factors affecting T. roseopersicina growth are light, oxygen, carbon, nitrogen, and sulfur compounds.
Hydrogenases catalyze the reversible oxidation of molecular H 2 . Three major classes of hydrogenases are known: ironsulfur-cluster-free hydrogenases, Fe hydrogenases, and [NiFe] hydrogenases (41) . Hydrogenases can have different roles; they can serve as redox safety valves to dispose of excess reducing power formed during fermentation or as generators of chemical energy by oxidation of H 2 (10) . In some organisms the same enzyme can have both functions, but more frequently each hydrogenase has a specialized physiological role in the cell (10, 41) . Biosynthesis of hydrogenases can be regulated through various mechanisms. For example, the presence of the substrate molecule, H 2 , triggers the expression of some hydrogenases through a hydrogen-sensing hydrogenase (HupUV and HoxBC in Rhodobacter capsulatus and Ralstonia eutropha, respectively) and a two-component system (HupT/HoxJ and HupR/HoxA) (14, 27) . Other hydrogenase-encoding operons are regulated by environmental factors, like oxygen, nitrate in Escherichia coli (32) , or nickel in Nostoc species (2) .
Very little is known about how T. roseopersicina senses its environment, and nothing is known about transcriptional regulation in this organsim. In previous work, we focused on the hydrogenases of T. roseopersicina. We cloned and characterized two sets of membrane-bound [NiFe] hydrogenase genes, the hynS-isp1-isp2-hynL set (formerly hydS and hydL) (30) and the hupSLCDHIR set (13) , and a third, soluble hydrogenase set (hoxEFUYH) (31) together with other components that are necessary for hydrogenase maturation (15, 28) . T. roseopersicina provides an attractive model system for comparative studies of the structure-function-stability relationships of different hydrogenase isoenzymes (25) . The membrane-associated dimeric hydrogenase HynSL of T. roseopersicina was reported to be stable in the presence of heat and some proteases (24) . Also, the organization of the hyn operon is unusual compared to the organization of the hydrogenase-encoding operons (41) .
The expression of hydrogenases in many different microorganisms is induced in anaerobic conditions. In many instances, hydrogen is produced only under anoxic conditions (10) , and many hydrogenases are inactivated by oxygen (reference 35 and references therein). The availability of O 2 is one of the most important regulatory signals in bacteria (38) ; intricate signal transduction mechanisms for responding to this factor have evolved (40) , and oxygen can affect gene expression through various mechanisms (reviewed in reference 4). For example, transcription of the E. coli hya (hydrogenase 1) and hyb (hydrogenase 2) operons, encoding membrane-bound hydrogenases, is controlled by the FNR and ArcA regulators along with the NarL/NarX and NarP/NarQ systems and the AppY regulator (8, 32) . In E. coli, FNR and ArcA are the two major global regulators that control gene expression in response to the availability of oxygen. Both FNR and ArcA have been intensively studied, and homologues are found in a wide range of microorganisms (reviewed in reference 38). FnrN has been reported to regulate the Rhizobium leguminosarum hyp genes involved in the maturation of HupSL hydrogenase (17) .
In this paper, we report that T. roseopersicina contains an FNR homologue and that this homologue is involved in regulation of the hyn operon in response to anaerobiosis. We also report that this homologue is similar to E. coli FNR, and we discuss the organization of the T. roseopersicina hynS promoter and regulatory region.
MATERIALS AND METHODS
Bacterial strains and growth media. The strains used are listed in Table 1 . T. roseopersicina strains were grown in liquid cultures for 3 to 4 days in Pfennig's mineral medium supplemented with 0.1% NH 4 Cl (23) . Plates were solidified with 7 g of Phytagel (Sigma) per liter and were supplemented with acetate (2 g/liter) when selection for transconjugants was performed, and they were incubated for 2 weeks in anaerobic jars by using the GasPack (BBL) or AnaeroCult (Merck) system. Cultures were illuminated with continuous light at 27 to 30°C (15) . In the presence of oxygen the medium was supplemented with 5 g of D-glucose per liter, and the cells were cultivated in the dark under air (23) . E. coli strains were grown in Luria-Bertani medium. Antibiotics were used at the following concentrations: for E. coli, 100 g of ampicillin per ml, 50 g of kanamycin per ml, 20 g of gentamicin per ml, and 50 g of erythromycin per ml; and for T. roseopersicina, 5 g of gentamicin per ml, 50 g of erythromycin per ml, and 20 g of kanamycin per ml.
Conjugation. Plasmids were transferred into T. roseopersicina BBS recipient strains by using conjugation conditions described previously (15) .
DNA manipulation. DNA manipulation was performed by using standard techniques (1, 33) or the specifications of the manufacturers.
Construction of plasmids. (i) Reporter fusion constructs.
The plasmids used are listed in Table 1 . Plasmid pFLAC was created as follows. A blunted 3,161-bp NotI-KpnI fragment, containing lacZ from pPR9TT, was ligated with the 4,064-bp SspI fragment of pBBRMC5. The promoter region of the hynS gene was amplified from pTSH2/8 with primers T7 (5Ј-GTAATACGACTCACTAT AGGGC-3Ј) and trhydo10 (5Ј-AAGCTTAGGCTCTCGCCGAGTGTT-3Ј), Fig. 1 ). pHYDR2 and pHYDR3 were constructed by inserting the SphI-digested trhydo11 (5Ј-TT CAGGCGATGGAGCAGGAG-3Ј)-trhydo10 PCR product (293 bp) or trhydo12 (5Ј-ACCGAGGCGCTCGACATCTT-3Ј)-trhydo10 PCR product (108 bp) into the ApaI (polished)-SphI site of pHYDR1. pHYDR9 was constructed by inserting the NcoI-PstI-digested hynpo12 (5Ј-AGCCCATGGAGCGTTCAG GTCTTCCAGAG-3Ј)-hynpo8 (5Ј-TCTGCACACCTCGGCCTACT-3Ј) PCR fragment into the corresponding sites of pHYDR1.
(ii) Plasmids for in vitro transcription and DNA binding. The 132-bp hynpo7 (5Ј-AGCGTTCAGGTCTTCCAGAG-3Ј)-hynpo8 PCR fragment was cloned into the EcoRV site of the pBluescript SK(ϩ)vector, resulting in pHYNP1. pHYNP3 was constructed by inserting the 148-bp EcoRI-HindIII fragment of pHYNP1 into the corresponding site of plasmid pSR. Thus, pHYNP3 carrying the FNR-regulated promoter was cloned upstream of the lambda oop transcription terminator.
(iii) Mutagenesis of the FNR binding half-sites. We used primers hynpo10 (5Ј-CCAGAGGACGCGGTTTGGATAATTCGATCTCGCTAACG-3Ј) and hynpo11 (5Ј-GAGCTGCGCTGCATAAAATCAGGGCTGCAGC-3Ј) to mutagenize the template pHYNP3, generating pHYNP5 (FNRI ϩ /FNRII Ϫ ) and pHYNP6 (FNRI Ϫ /FNRI ϩ ), respectively. The mutations were recloned into the lacZ reporter plasmid after amplification of the region of interest with primers hynpo12 and hynpo8. The PCR fragment was digested with NcoI and PstI and cloned into the corresponding sites of pHYDR9, yielding pHYDR17 (FNRI ϩ /FNRII Ϫ ) and pHYDR18 (FNRI Ϫ /FNRI ϩ ). In all cases where PCR was involved, the sequences were checked.
Identification, cloning, and sequencing of the fnrT gene. A multiple alignment of the known FNR proteins was constructed, and conserved domains were chosen for designing PCR primers corresponding to the MVCEIPF region (amino acids 120 to 126) and the DIGNYLGL region (amino acids 199 to 206) of the E. coli FNR protein. PCR was carried out with primers FNRo2 (5Ј-AGI CCSAGRTARTTICCGATRTC-3Ј) and FNRo3 (5Ј-ATGGTITGYGARATCC CSTT-3Ј) (where S is C or G, R is A or G, and Y is C or T) and T. roseopersicina genomic DNA. The isolated PCR product of the correct size (262 bp) was cloned into the pGEM T-Easy vector and sequenced. A Southern analysis was performed with digested genomic DNA by using the FNRo2-FNRo3 PCR fragment as a probe. A BamHI partial genomic library was created in pBluescript SK(ϩ), and a clone containing a 1.9-kbp insert, designated pFNR7, was selected after colony hybridization. Plasmid pFNR7 was subcloned, and both strands were sequenced by primer walking.
Mutagenesis of the fnrT gene. The 1,492-bp SmaI-BamHI region from pFNR7 was cloned into the corresponding sites of pK18mobsacB, resulting in pFNRTM1. After digestion of pFNRTM1 with XhoI and polishing, the truncated SalI-EcoRI fragment (918 bp) of pRL271 (GenBank accession no. L05081) containing the erythromycin resistance gene was inserted (pFNRTM2). The construct was transformed into the E. coli S-17(pir) strain and then conjugated into T. roseopersicina BBS. Screening for mutant strains was based on erythromycin resistance, and then double-recombinant clones that were resistant to erythromycin and sensitive to kanamycin were selected, resulting in FNRTM.
Enzyme assays. Hydrogenase uptake activities of membrane fractions were determined by using benzyl viologen (28) . The ␤-galactosidase activity of the toluene-permeabilized cell extracts was assayed as described previously for T. roseopersicina (23, 29) . Cells were assayed at the late logarithmic growth stage, as we found no significant difference due to the growth phase. One Miller unit corresponded to 1 mol of o-nitrophenyl-␤-galactoside (Sigma-Aldrich) hydrolyzed per min normalized to the optical density at 600 nm for E. coli and the optical density at 650 nm for T. roseopersicina.
RNA isolation and quantitative reverse transcription-PCR. RNA was isolated with the TRI reagent (Sigma-Aldrich) by following the manufacturer's recommendations. Prior to reverse transcription, the RNA was treated with DNase I as previously described (15) . Reverse transcription was performed by using an iScript cDNA synthesis kit (Bio-Rad). Quantification of cDNA was performed with the iCycler iQ real-time PCR detection system (Bio-Rad) by using IQ SYBR Green Supermix. The following primers were used: for hynS, hydrtR (5Ј-CGACAGCCAGATGACC-3Ј) and hydrtF (5Ј-CCACTGATAAAACACTC GG-3Ј); and for the crtD gene of T. roseopersicina (23) , caroR (5Ј-CTCCTCGT CGGCGAAGAG-3Ј) and caroF (5Ј-CGCATCCCTGACCGACTATC-3Ј). The amount hynS cDNA was normalized to the level of crtD cDNA.
Preparation of FNR protein. Overexpression and purification of the FNR protein containing the Ala154 substitution were described by Wing et al. (42) .
Gel retardation assays. Purified EcoRI-HindIII promoter fragments of pHYNP3 were end labeled with [␥-
32 P]ATP, and 0.5 ng of fragment was incubated with 0 to 3 M purified Ala154 FNR. The sample buffer mixture (final volume, 10-l) contained 0.1 M potassium glutamate, 1 mM EDTA, 10 mM potassium phosphate buffer (pH 7.5), 50 M dithiothreitol, 5% glycerol, 0.5 mg of bovine serum albumin ml Ϫ1 , and 25 ng of herring sperm DNA (Gibco) l Ϫ1 . Following incubation at 37°C for 20 min, samples were electrophoresed in 0.25ϫ Tris-borate-EDTA on a 6% polyacrylamide gel at 12 V cm Ϫ1 and were analyzed by using a Bio-Rad Molecular Imager FX and Quantity One software (Bio-Rad).
DNase I footprinting experiments. DNase I footprinting experiments were performed with a 32 P-end-labeled AatII-HindIII fragment of pHYNP3 by using the protocols of Savery et al. (36) . Each reaction mixture (20 l) contained 4 nM (final concentration) template DNA along with 0 to 3 M purified Ala154 FNR in a solution containing 20 mM HEPES (pH 8.0), 5 mM MgCl 2 , 50 mM potassium glutamate, 1 mM dithiothreitol, 500 g of bovine serum albumin ml Ϫ1 , and 25 g of herring sperm DNA ml Ϫ1 . All samples were analyzed by denaturing polyacrylamide gel electrophoresis. Gels were calibrated with Maxam-Gilbert GϩA sequencing reactions for the labeled fragment, and the results were quantified by using a phosphorimager.
In vitro transcription assays. Plasmids pHYNP3, pHYNP5, and pHYNP6 were used as templates for in vitro transcription. Plasmid DNA (final concentration, 10 nM) was incubated at 37°C for 20 min with various concentrations of Ala154 FNR (0 to 1 M). Each 20-l reaction mixture contained 40 mM Tris-HCl (pH 7.9), 10 mM MgCl 2, 50 mM KCl, 0.1 mM dithiothreitol, 0.2 g of bovine serum albumin l Ϫ1, 0.5 mM ATP, 0.5 mM CTP, 0.5 mM GTP, 0.05 mM UTP, and 5 Ci of [␣-32 P]UTP. Following incubation, E. coli RNA polymerase holoenzyme (RNAP) (Epicentre) was added to a final concentration of 50 nM, and the mixture was incubated at 37°C for a further 20 min. The reactions were stopped by addition of 10 l of formamide buffer (95% [vol/vol] deionized formamide, 20 mM EDTA, 0.05% [wt/vol] bromophenol blue, 0.05% [wt/vol] xylene cyanol FF). Samples were run on 6% denaturing polyacrylamide gels and were analyzed by using a phosphorimager. FNR-dependent transcripts were quantified with reference to the FNR-independent RNA I transcript encoded by the pSR vector.
Permanganate footprint analysis. Reaction mixtures contained AatII-HindIII promoter fragments that had been labeled at the HindIII site with [␥- were analyzed by using 6% polyacrylamide sequencing gels and were visualized with a phosphorimager.
Bioinformatics tools. Protein sequence comparisons with the various databases were done with the BLAST (P, X) programs (www.ncbi.nih.nlm.gov). Multiple alignments were constructed with the CLUSTAL X program.
Nucleotide sequence accession number. The 1,906-bp sequence of pFNR7 has been deposited in the GenBank database under accession number: AY629341.
RESULTS
Regulation of hynS expression by anaerobiosis: mapping of cis-acting elements. In order to study the regulation of expression of the T. roseopersicina hyn operon, a 1,220-bp DNA fragment containing the first 45-bp hynS coding sequence, together with upstream sequences, was cloned into the broadhost-range lac expression vector pFLAC to create an in-frame hynS::lacZ gene fusion. The resulting recombinant plasmid, pHYDR1, was introduced into T. roseopersicina BBS, and ␤-galactosidase activities were measured during growth in different conditions. The measurements revealed significantly lower expression when cells were propagated aerobically in the dark (25 Ϯ 4 Miller units under anaerobic conditions). Other factors, such as hydrogen or nitrogen-fixing conditions, had no effect on ␤-galactosidase expression (data not shown).
To map cis-acting elements involved in the regulation of hynS::lacZ fusion expression, a series of pHYDR1 derivatives containing nested deletions of upstream sequences were constructed (pHYDR2 to pHYDR9) ( Table 1 and Fig. 1 ). In this series, the upstream end of the hynS fragment varied from position Ϫ1171 to Ϫ167 with respect to the hynS translational initiation site, while the downstream end was fixed at position 45. ␤-Galactosidase expression was not significantly changed by deletion of sequences from position Ϫ1171 to position Ϫ602 (pHYDR9). Further deletion of sequences from positions Ϫ602 to Ϫ514 (pHYDR5) significantly reduced the anaerobic enhancement of expression, and thus, the 89-bp region defined by these deletions is likely to contain a cis regulatory sequence involved in anaerobic activation in T. roseopersicina. Inspection of this region revealed the presence of two sequence elements that resemble the DNA binding site for E. coli FNR protein (Fig. 2) . These two elements are centered at position Ϫ529 (FNR I) and position Ϫ568 (FNR site II) relative to the start codon of hynS (see below).
Identification and knockout of a T. roseopersicina fnrT gene. The presence of possible DNA sites for FNR in the segment of the hynS regulatory region involved in anaerobic control prompted us to investigate if the genome of T. roseopersicina contains an fnr homologue. Thus, degenerate primers were designed on the basis of the conserved regions of the known FNR proteins to amplify the FNR-like sequences from the genome of T. roseopersicina (see Materials and Methods). This generated a 262-bp fragment that was cloned, and sequence analysis confirmed that it was likely part of a gene related to the fnr gene family. This fragment was then used to isolate a 1.9-kbp fragment carrying the full-length fnr gene (designated fnrT to indicate its origin) and flanking sequences from a T. roseopersicina genomic library. Sequence analysis of this fragment showed that fnrT encodes a 254-amino-acid protein with 69% similarity and 46% identity to the E. coli FNR protein (GenBank accession number AY629341). The sequence comparison showed that the amino acid sequences of the DNA binding helix-turn-helix motif are very similar in the two proteins, strongly suggesting that they recognize similar binding motifs. The FnrT protein contains four cysteine residues, Cys-16, -19, -25, and -118, that correspond to Cys-20, -23, -29, and -122 of E. coli FNR. Note that in E. coli FNR these cysteine residues contribute to the formation of an iron-sulfur cluster that is essential for activation of FNR in anaerobic conditions (16) .
The cloned fnrT gene was disrupted with an erythromycin cassette to generate plasmid pFNRTM2, which was conjugated into T. roseopersicina BBS. Double-recombinant colonies were isolated to obtain an fnrT mutant, FNRTM. Southern blot 
Miller units under aerobic conditions). This confirmed the requirement for
FnrT for anaerobic induction of hyn expression. We also assayed HynSL hydrogenase enzyme activity directly and measured hynS mRNA levels using real-time quantitative PCR in the wild-type and FNRTM T. roseopersicina strains. The level of hynS mRNA was normalized to the level of crtD that is regulated by a CrtJ/PpsR-like protein in T. roseopersicina (23) .
As hydrogenase enzymes are inactivated in the presence of oxygen, the activity was assayed only in cells growing under anaerobic conditions. As determined by both assays, hyn operon expression was greatly decreased in the FNRTM mutant strain; the level of hyn operon mRNA decreased to 4.9% Ϯ 0.6% compared to the mRNA level in the wild type, while the HynSL hydrogenase activity decreased to 25% Ϯ 8.8% of the wild-type HynSL activity. The relative messenger levels in cells grown under aerobic conditions were 35.1% Ϯ 1.3% and 4.1% Ϯ 0.3% in the wild-type and FNRTM mutant strains, respectively. The hydrogenase activities of the HoxYH and HupSL proteins were not affected in the T. roseopersicina FNRTM mutant strain (data not shown). These results suggest that the anaerobic induction of hynS expression is mainly due to the action of FnrT in the hynS regulatory region. A sequence analysis (Fig. 2B ) revealed a possible Ϫ10 hexamer promoter element, TAGAAT, downstream of FNR site I. If this element was functional, it would place the likely site for transcription initiation at position Ϫ492 from the hynS start codon. As we could not identify the genuine start site using primer extension or 5Ј random amplification of cDNA ends, we mapped the end of the transcript using reverse transcription-PCR and showed that it was located between positions 50 and Ϫ40 relative to the proposed putative site (data not shown). In this case, the two DNA sites for FnrT were centered at positions Ϫ41.5 and Ϫ80.5 relative to the putative transcription start site. Recall that E. coli FNR protein binds as a dimer to sequences that resemble TTGAT-N 4 -ATCAA (6) , and note that the downstream half-site was more conserved than the upstream half of the FNR binding site (Fig.  2A) .
In order to confirm the importance of the two putative DNA sites for FNR identified after our nested deletion analysis (Fig.  1) , point mutations were introduced into pHYDR9 to inactivate either FNR site I (pHYDR18) or FNR site II (pHYDR17) (Fig.  2A) . To do this, we replaced the downstream FNR half-sites, ATCA(A/T), with ATTA(A/T), so that they were no longer recognized by a native FNR DNA binding helix (5). Table 2 shows that anaerobic induction of the hynS::lacZ fusion was reduced by mutation of either DNA site for FNR, suggesting that FnrT binding at both sites plays a role in activation.
Activation of the hynS promoter in a heterologous E. coli system. Our results obtained with the T. roseopersicina fnrT gene and hynS cis elements suggest striking similarities with E. coli fnr and regulatory elements of fnr-regulated genes. In particular, the organization of the hynS promoter suggested in Fig. 2B with the principal DNA site for FnrT centered at position Ϫ41.5 is identical to the organization of many FNRdependent promoters in E. coli. Because of the technical problems of studying activation in vitro by using T. roseopersicina FnrT and RNA polymerase (including a lack of purified and active proteins), we investigated whether we could measure hynS promoter function in a heterologous E. coli system. Thus, first, pHYDR1, containing the hynS::lacZ reporter fusion, was introduced into E. coli. Table 3 clearly shows that there was enhanced expression under anaerobic conditions. Furthermore, induction was completely lost in an fnr mutant but was not affected in an arcA mutant.
To confirm that anaerobic induction in E. coli is dependent on the same cis elements as those in T. roseopersicina, we used a deletion fusion construct series, pHYDR2 to pHYDR9 (Table 1). These plasmids were introduced into E. coli ⌬lac strain M182, and the ␤-galactosidase values in Table 4 confirm that the same upstream region which was involved in anaerobic activation in T. roseopersicina mediated the activation of transcription in E. coli. To confirm the importance of the two putative DNA sites for FNR, assays were carried out with pHYDR18 and pHYDR17, in which FNR site I and FNR site II, respectively, were mutated. Table 4 shows that anaerobic induction of the hynS::lacZ fusion was reduced by mutation of either DNA site for FNR, suggesting that FNR binding to each site plays a role in induction and both sites are needed for full activation. However, a mutation in FNR site I had a more significant effect on transcription than a mutation in FNR site II.
In vitro studies of E. coli FNR and RNA polymerase binding to the T. roseopersicina hyn regulatory region. Taken together, the results described above strongly suggest that activation of the T. roseopersicina hynS promoter by E. coli FNR in E. coli is very similar to activation by T. roseopersicina FnrT in T. roseopersicina. We therefore used previously developed in vitro systems to study the T. roseopersicina hynS promoter using purified E. coli RNAP and purified FNR. To facilitate in vitro studies with the FNR protein under aerobic conditions, we used Ala154 FNR, which carried the D154A substitution that stabilized active FNR in the presence of O 2 (19, 26) .
First, electrophoretic mobility shift assays were used to investigate FNR binding to the hyn regulatory region. The EcoRI-HindIII fragment of pHYNP3 carried hyn regulatory region sequences from position Ϫ113 to position 24 relative to the putative transcriptional initiation site of hynS (Fig. 2B ). Different concentrations of purified Ala154 FNR protein were incubated with 32 P-end-labeled hyn regulatory region DNA and separated by polyacrylamide gel electrophoresis (Fig. 3A) . Two retarded FNR-DNA complexes were detected, which was consistent with the binding of FNR to two sites. In line with this, Fig. 3B shows that mutations in FNR site II greatly reduced the amount of the less mobile FNR-DNA complex. Interestingly, a mutation in FNR site I almost totally abolished the bandshifts, suggesting that FNR was unable to bind to FNR site II in the absence of prior binding to FNR site I.
The binding of FNR to the hyn regulatory region was also investigated by using DNase I footprinting. Data in Fig. 4A are consistent with FNR binding to two DNA sites centered at positions Ϫ41.5 and Ϫ80.5 with respect to the proposed transcription start site (position 1). Further experiments (Fig. 4B) showed that mutations that inactivated FNR site II prevented binding of FNR to site II but did not affect binding to site I. In contrast, mutations that inactivated FNR site I prevented binding of FNR to both site I and site II. Figure 5 shows that E. coli Ala154 FNR could activate transcription initiation by RNAP at the hynS promoter. In this experiment the hynS promoter fragment was cloned upstream of a -independent transcription terminator in plasmid vector pSR. In the absence of FNR, the 105-nucleotide control RNA I transcript was observed. In the presence of FNR, an additional 113-nucleotide transcript appeared (Fig. 5A) . The size of this transcript indicated that FNR-dependent transcripts initiated at the predicted location (i.e., position 1 in Fig. 2B , which corresponded to position Ϫ492 upstream of the hynS start codon). Figure 5B shows that mutations in FNR site I abolished the FNR-dependent transcription activation, while mutations in FNR site II reduced activation by 40 to 50%. The experimental data shown in Fig. 5C indicate that activation at the hynS promoter by Ala154 FNR, carrying a second alanine substitution at either T118 (which inactivated activating region 1) or D86 (which inactivated activating region 3), was significantly reduced. Finally, we checked for promoter opening by using potassium permanganate footprinting. Figure 6 shows that Ala154 FNR directed open-complex formation by RNAP between nucleotides Ϫ9 and 3 relative to the transcription start site, a region that overlapped the proposed hynS Ϫ10 promoter element, TAGAAT.
DISCUSSION
Many hydrogenases are regulated by oxygen and are optimally expressed only in anoxic conditions (10) . However, in most cases the regulatory cascade transducing the signal from the environment to the initiation complex is not known. Transcriptional regulation of the T. roseopersicina hyn operon was studied by using in-frame lacZ fusion constructs, and it was found that the expression was affected by oxygen. An upstream activating sequence, located 602 to 514 bp from the start codon of the translational start site of hynS, was found to be essential for the elevated activity observed under anaerobic conditions. This region contained two DNA sequences that resemble consensus DNA sites for FNR, a transcription factor known to be responsible for anaerobic induction of many genes in many bacteria. For both sequences, the 3Ј part of the palindromic binding site is more similar to the E. coli FNR consensus binding site than the 5Ј part is. The presence of these sequence elements prompted us to search for an FNR homologue in T. roseopersicina BBS, and this resulted in isolation of the fnrT gene. This gene encodes an FNR homologue that is most similar to the ANR protein of Pseudomonas aeruginosa (73% similarity and 52% identity) (43) . Alignment of FnrT with other sequences revealed striking similarity to E. coli FNR, notably in the helix-turn-helix sequence responsible for DNA binding. The presence of FNR in a member of the Chromatiaceae is fascinating since members of this family grow mainly under anaerobic conditions. T. roseopersicina is one of the few Chromatiaceae strains that are able to grow under aerobic conditions (21) , which may explain its need for an oxygen- sensing system. However, until now, nothing was known about this, and the only other reported transcription factor was PpsR, which is responsible for aerobic repression of genes involved in carotenoid biosynthesis (23) . The role of FnrT in the anaerobic regulation of hyn expression was tested by creating a T. roseopersicina fnrT mutant. FnrT was essential for elevated hyn promoter activity under oxygen-free conditions. However, by using the hynS::lacZ fusion reporter system relatively high basic expression was measured in the presence of air or in the fnrT mutant strain. The simplest way to explain our data is to suppose that the hynS regulatory region contains an FnrT-dependent promoter which requires FnrT binding to the two putative DNA sites for FNR plus at least one other FnrT-independent promoter that drives expression in aerobic conditions. The discrepancy between the effect of the fnrT knockout on expression of the hynS::lacZ fusion and hynS messenger levels may be due to differences in the translational efficiencies of the two transcripts.
Examination of the base sequence of the hynS regulatory region suggested that the FnrT-dependent promoter may be organized like many FNR-dependent promoters of E. coli. This, together with the extensive similarities between the T. roseopersicina FnrT and E. coli FNR proteins, prompted us to examine the activity of the hynS::lac fusion in E. coli. We found that E. coli FNR is fully able to activate the hynS promoter in vivo and that activation requires both of the proposed DNA sites for FNR. Strikingly, in E. coli, expression is more dependent on FNR and better coupled to anaerobiosis. The simplest explanation for this is that the FnrT-independent promoter(s) Our observation that the T. roseopersicina hynS promoter could be served by E. coli FNR and RNAP in vivo led us to perform a series of in vitro studies with a view to understanding its organization better. We are aware of the shortcomings of this approach as we still lack rigorous proof that the same promoter elements are used in both T. roseopersicina and E. coli. In vitro transcription experiments confirmed the transcription start point located 41.5 bp downstream of FNR site I and 80.5 bp downstream of FNR site II and identified a likely Ϫ10 hexamer element. These experiments showed that while FNR binding at upstream site II contributes to activation, FNR binding at site I is essential. This is consistent with our observation that activation requires both activating region 1 and activating region 3 of FNR. Recall that activating region 3 is functional only at promoters where the FNR binds to a site that overlaps the promoter Ϫ35 element (so-called class II promoters), while activating region 1 is functional in activation irrespective of the FNR binding location (9) . Most FNR-dependent promoters have a single DNA site for FNR centered near position Ϫ41.5. However, many such promoters have a second DNA site for FNR located further upstream, and a recent systematic study by Barnard et al. (3) showed that upstream bound FNR at certain positions (positions Ϫ71.5, Ϫ81.5, Ϫ91.5, and Ϫ101.5) could act as an enhancer of transcription initiation, while at other locations (positions Ϫ85.5 and Ϫ95.5) it functioned as a repressor. Our results are consistent with these findings; thus, in the hyn regulatory region, the center-to-center distance between the two FNR sites is 39 bp, suggesting that the upstream bound FNR has a synergistic role. Interestingly, binding to the upstream DNA site for FNR depended on the presence of a functional downstream binding site. So far there is no other example where binding of one FNR enhances the binding of a second FNR to a lower-affinity site.
